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Abstract

Background—The collapse of the World Trade Center (WTC) on September 11, 2001 released a
dust cloud containing numerous environmental contaminants, including polychlorinated dibenzo-
para-dioxins and polychlorinated dibenzofurans (PCDD/Fs). PCDD/Fs are toxic and are associated
with numerous adverse health outcomes including cancer, diabetes, and impaired reproductive and
immunologic function. Prior studies have found adults exposed to the WTC disaster to have

*Clinical trials identifier: NCT02068181

Tco%respondin? author: Leonardo Trasande, MD, MPP, Department of Pediatrics, New York University School of Medicine, 403 East
41 Sireet, 1 floor, New York, NY 10016, leonardo.trasande@nyumc.org.
Present address: Department of Analytical Chemistry, Hanoi University of Science and Technology
Competing interests
No competing interests to report.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kahn et al. Page 2

elevated levels of PCDD/Fs. This is the first study to assess PCDD/F levels in WTC-exposed
children.

Methods—This analysis includes 110 participants, a subset of the 2014-2016 WTC Adolescent
Health Study, a group of both exposed youths who lived, attended school, or were present in lower
Manhattan on 9/11 recruited from the WTC Health Registry (WTCHR) and unexposed youths
frequency matched on age, sex, race, ethnicity, and income. Our sample was selected to maximize
the contrast in their exposure to dust from the WTC collapse. Questionnaire data, including items
about chronic home dust and acute dust cloud exposure, anthropometric measures, and biologic
specimens were collected during a clinic visit. Serum PCDD/F concentrations were measured
according to a standardized procedure at the New York State Department of Health Organic
Analytical Laboratory. We used multivariable linear regression to assess differences in PCCD/Fs
between WTCHR and non-WTCHR participants. We also compared mean and median PCDD/F
and toxic equivalency (TEQ) concentrations in our cohort to 2003-4 National Health and Nutrition
Examination Survey (NHANES) levels for youths age 12-19.

Results—Median PCDD/F levels were statistically significantly higher among WTCHR
participants compared to non-WTCHR participants for 16 out of 17 congeners. Mean and median
TEQ concentrations in WTCHR participants were more than 7 times those in non-WTCHR
participants (72.5 vs. 10.1 and 25. 3 vs. 3.39 pg/g lipid, respectively). Among WTCHR
participants, median concentrations of several PCDD/Fs were higher than the NHANES 95t
percentiles. After controlling for dust cloud exposure, home dust exposure was significantly
associated with higher PCDD/F level.

Conclusions—Adolescents in lower Manhattan on the day of the WTC attack and exposed to
particulate contamination from the WTC collapse had significantly elevated PCDD/F levels more
than 12 years later compared to a matched comparison group, driven by chronic home dust
exposure rather than acute dust cloud exposure. PCDD/F and TEQ levels substantially exceeded
those in similar-aged NHANES participants. Future studies are warranted to explore associations
of PCDD/Fs with health and developmental outcomes among individuals exposed to the WTC
disaster as children.

Keywords

Dioxins; Endocrine disruptors; Environmental exposures; Children; Adolescents; World Trade
Center

1. Introduction?

The collapse of the World Trade Center (WTC) on September 11, 2001 (9/11) resulted in the
immediate release of a dust cloud containing large amounts of environmental pollutants
from burning jet fuel and pulverized construction material, plastics, and electronics, which

1 Abbreviations

9/11: September 11, 2001,

AhR: aryl hydrocarbon receptor,

DHQ: Diet History Questionnaire,

LOD: level of detection,

NHANES: National Health and Nutrition Examination Survey,
NYU: New York University,

Environ Int. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kahn et al.

Page 3

were deposited across downtown Manhattan, New York City, as well as from the continuous
release of smoke from fires that burned for more than 3 months after the disaster (Landrigan,
Lioy et al. 2004). Among these toxic chemicals were polychlorinated dibenzo-para-dioxins
and polychlorinated dibenzofurans (PCDD/Fs), byproducts of the combustion process
(Rappe 1994). Elevated concentrations of PCDD/Fs were found on samples swabbed from
exterior window surfaces (Rayne, Ikonomou et al. 2005) and in samples of dust, water,
sediment, and sewage collected in and around the WTC site (Litten, McChesney et al. 2003).
Elevated PCDD/F levels have been reported in serum samples from firefighters who
responded to the disaster (Edelman, Osterloh et al. 2003) and in plasma samples from
pregnant women in the immediate vicinity (Wolff, Teitelbaum et al. 2005) and from state
and National Guard workers assigned to the site in the weeks after the collapse (Horii, Jiang
et al. 2010). To date, no assessment of exposure to these chemicals has been conducted in
local children, who may have been uniquely vulnerable to the exposures’ potential toxic
effects.

PCDD/Fs are two related families of compounds produced when carbon and chlorine
combine at high temperatures. Because they are lipophilic and tend to bioaccumulate in the
food chain, the primary sources of human exposure are high-fat foods and breastmilk
(Centers for Disease Control and Prevention). In the case of the WTC disaster, children
would additionally have been exposed to PCDD/F-containing dust particles, especially those
that accumulated inside their homes through contaminated ventilation systems and persisted
in upholstered furniture and carpeting (U.S. Environmental Protection Agency 2002).
PCDD/Fs have a half-life of approximately 7 years in adults (Michalek, Pirkle et al. 2002).
Although they are reported to be eliminated more quickly in those age <18 years (Kerger,
Leung et al. 2006), they may pose particular risks to this population, which is undergoing
critical periods of biological development.

PCDD/Fs are associated with a wide range of adverse health outcomes. Acute toxicity
commonly results in chloracne, a condition resembling severe acne that can last for years
(Sorg 2014). Longitudinal studies of exposed adults have found elevated incidence of
diabetes, multiple cancers, and altered reproductive and immunologic function (Pesatori,
Consonni et al. 2003, Wang, Tsai et al. 2008, Kuwatsuka, Shimizu et al. 2014, Nishijo,
Pham et al. 2014, Li, Chen et al. 2015), while follow-up studies of children exposed in utero
or through breastfeeding have found links with impaired cognitive and behavioral function
(Nakajima, Saijo et al. 2006, Neugebauer, Wittsiepe et al. 2015, Tran, Pham et al. 2016) and,
among boys, altered semen quality (Mocarelli, Gerthoux et al. 2011). The biological
mechanism underlying these associations involves activation of the aryl hydrocarbon
receptor (AhR), which stimulates production of xenobiotic-metabolizing enzymes. By
persistently activating the AhR, PCDD/Fs disrupt its normal homeostatic function, leading to

PCB: polychlorinated biphenyl,

PCDD: polychlorinated dibenzo-para-dioxins,
PCDF: polychlorinated dibenzofurans,

TEF: toxic equivalency factor,

TEQ: toxic equivalency quotient,

WHO: World Health Organization,

WTC: World Trade Center,

WTCHR: World Trade Center Health Registry
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disruptions in development, cell-cycle control, and tumor suppression (White and Birnbaum
2009). Toxicity of individual PCDD/Fs is determined by each congener’s binding affinity for
the AhR relative to that of 2,3,7,8-TCDD, the most potent congener in the series, and these
toxic equivalency quotients (TEQs) may be summed to approximate the total toxicity of the
mixture (van den Berg, Birnbaum et al. 2006).

While there have been numerous studies of associations of perinatal exposure to PCDD/Fs
with pregnancy and child health outcomes (e.g., (Tsukimori, Tokunaga et al. 2008, Kishi,
Kobayashi et al. 2013)), as well as studies of occupationally-exposed adults (e.g., (Boers,
Portengen et al. 2012, Abballe, Barbieri et al. 2013, Hu, Zheng et al. 2013, Wang, Weng et
al. 2013)), ours is one of few studies to have collected data on PCDD/F exposure during
childhood. Reports of children in the WTC Environmental Health Center/Survivors Health
Program (Trasande, Fiorino et al. 2013) and the WTC Health Registry (WTCHR), a national
monitoring program sponsored by the National Institute for Occupational Safety and Health
(Thomas, Brackbill et al. 2008), suggest that more than one-third of the estimated 25,000
children living and/or attending school in lower Manhattan were exposed to the WTC dust
cloud. Most returned to their residences in the week following the attack, where at least one-
fourth self-reported exposure to contaminated home dust (Trasande, Fiorino et al. 2013)
from the initial collapse and subsequent fires (Landrigan, Lioy et al. 2004). The current
analysis draws on data from the WTC Adolescent Health Study, a 2014-16 study of youths
present in lower Manhattan and age <8 years on September 11, 2001, and a matched
comparison group. Our evaluation of serum PCDD/F levels in these two groups provides the
first assessment of PCDD/F exposure among WTC-exposed children.

2. Materials and methods

2.1 Study population

This analysis includes a subset of participants from the WTC Adolescent Health Study,
details of which have been published previously (Trasande, Koshy et al. 2017). Briefly,
exposed participants, born between September 11, 1993 and September 10, 2001, were
recruited from the WTCHR beginning in January, 2014 by staff of the New York City
Department of Health & Mental Hygiene fluent in English, Spanish, Mandarin, or
Cantonese. Criteria for WTCHR enrollment included residing, working, or attending school
in Manhattan south of Canal Street or being present south of Chambers Street--the areas of
most concentrated exposure to contamination from the WTC collapse--on the day of the
attack. Unexposed participants, who did not meet these criteria, were recruited via well visits
at pediatric clinics affiliated with New York University (NYU) School of Medicine, health
fairs, youth organizations, postings and advertisements at local colleges and areas where
youth congregate, and social media outreach by West Coast Clinical Trials, a contract
research organization. Non-WTCHR participants were frequency matched to WTCHR
participants on age, sex, race, ethnicity, and income based on the distribution of these
variables in the WTCHR’s most recent (2011-12) survey cycle. Potential participants were
excluded if they had a serious lung or heart disease that restricted them from participating in
the study procedures, heart or lung surgery, were pregnant or were unable to follow the study
protocol (Figure 1). For participants age <18 years, a parent or guardian was required to
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schedule and attend the clinic visit. The study was reviewed and approved by the NYU
School of Medicine Institutional Review Board, by research committees at Bellevue and
Gouverneur Hospital Centers, and by the New York State Department of Health for the
analysis of serum samples. Informed consent was obtained from all participants age =18
years at the clinic visit; parent/guardian consent was obtained at the clinic visit on behalf of
minors, who assented to participation.

In order to maximize the exposure contrast within the PCDD/F analysis, 98 WTCHR
members who reported home dust exposure and 119 non-WTCHR members who reported
no dust cloud, no home dust, and no trauma exposure (see section 2.2 for definitions) were
selected as eligible for the PCDD/F comparison (54% of both the 180 WTCHR and 222
non-WTCHR participants in the WTC Adolescent Health Study). The final analytic sample
included 60 WTCHR adolescents exposed to home dust and 50 non-WTCHR adolescents
unexposed to home dust, dust cloud, or trauma who had adequate serum (5 mL) available for
measuring PCDD/F levels.

2.2 Exposure and sociodemographic variables

Clinic visits lasting approximately 3 hours were conducted from February 20, 2014 to
March 21, 2016. At these appointments, dust cloud, home dust, and trauma exposure
information was collected via structured interviews with study participants and additionally
with parents/guardians, if applicable. Dust cloud exposure was assessed with the question:
“Were you caught in the WTC dust or debris cloud in the morning after the buildings
collapsed on 9/11?” Home dust exposure was assessed with the question: “In the year after
9/11/01, did you live in an apartment or home in which WTC dust was visible on surfaces at
any time, even if only briefly?” Traumatic exposure was determined by a positive response
to any of the following seven items: sight of either tower collapse, sight of injured people,
sight of dead bodies, sight of people jumping or falling out of buildings, physical injury to
self, need to depart home/school for safety, and worry about safety of a loved one. A positive
response from either child or parent/guardian was considered indicative of exposure.
Demographic variables were also collected, including those used for matching purposes: age
(categorized as 13-14, 15-17, or 18-22 years), sex, race (White, African-American, Asian,
Other), ethnicity (Hispanic, non-Hispanic), and income (<$25,000, =$25,000).

2.3 Anthropometric and dietary assessment

We measured participants’ height and weight three times using calibrated stadiometers
(Shorr Productions, Olney, MD) and scales (Seca model 881; Seca Corp., Hanover, MD) and
averaged the results. Because diet is a possible source of dioxin exposure, participants
completed a web-based version of the Diet History Questionnaire 11 (DHQ II) that surveyed
dietary intake over the prior month and asked participants to approximate portion sizes so
that energy intake could be estimated (daily kilocalories). The DHQII, a publicly-available
food frequency questionnaire developed by the National Cancer Institute, is an update of the
DHQ, which performed better than the then-available versions of the Willet and Bloch food
frequency questionnaires at estimating nutrient intake in a 2001 validation study (Subar,
Thompson et al. 2001).
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2.4 Biospecimen collection and processing

Participants were instructed to fast for at least 6 hours prior to clinic visits. Saliva, urine, and
blood samples were collected following informed consent/assent. Fifteen milliliters of the
28.5 mL blood samples were used to obtain serum. Samples were immediately placed in
cool storage and processed within 3 hours of collection. Processed samples were then kept
frozen at —80 C until further analysis.

2.5 Measurement of PCDD/Fs and tobacco exposure

PCDD/Fs were measured according to methods described by Horii et al. (Horii, Jiang et al.
2010), with some modifications. PCDD/Fs were extracted by Accelerated Solvent Extraction
(ASE) using toluene as the solvent and then the extract was cleaned by multi-layer silica
column and activated carbon column. Seventeen 2,3,7,8-substituted PCDD/F congeners
were separated by high resolution gas chromatography (HRGC) connected to an Agilent DB
5MS Ultra inert column (60 m x 0.25 mm i.d x 0.25 pm film) and detected by high
resolution mass spectrometry (HRMS; JEOL MSD 800). Quantification of PCDD/Fs in the
serum samples was performed by isotope dilution mass spectrometry using 13C-labeled
internal standards for each congener. The validation of the method was performed by
analysis of a certified Standard Reference Material (NIST 1958). Other quality assurance
and quality control protocols included analysis of matrix spikes and matrix spike duplicates
and procedural blanks. 13C-labeled PCDD/F internal standards were spiked into all samples
prior to the extraction step. All serum PCDD/F measures were lipid-adjusted. Level of
detection (LOD) values were 0.02 pg/g lipid for all PCDD/Fs except 2,3,7,8-TCDF
(LOD=0.01 pg/g lipid) and 1,2,3,7,8-PenCDD (LOD=0.04 pg/g lipid).

We analyzed salivary cotinine using a highly reliable (r=0.99 compared with serum) and
sensitive (LOD=0.15 ng/mL) test from Salimetrics, Inc. (State College, PA). Tobacco
exposure was categorized as low (<0.15 ng/mL salivary cotinine), medium (=0.15 to <2.32
ng/mL), or high (=2.32 ng/mL). For the 6 subjects missing salivary cotinine measures, we
assigned those who reported neither smoking nor secondhand smoke exposure into the low
cotinine category, those who reported not smoking but exposure to secondhand smoke into
the medium category, and those who reported smoking into the high category.

2.6 Statistical analyses

In univariate analyses, we compared demographic characteristics and exposure levels of
WTCHR vs. non-WTCHR participants, using chi-square tests for categorical variables and
the nonparametric Wilcoxon rank sum test for continuous variables, as none of them was
normally distributed. Among the variables hypothesized to potentially influence PCDD/F
exposure, those that differed significantly between exposure groups were used as covariates
in subsequent regression models. Means and distributions of PCDD/F concentrations were
calculated, imputing levels below the LOD as LOD/V2 (Hornung and Reed 1990, Baccarelli,
Pfeiffer et al. 2005). We performed multivariable analyses for all congeners for which <50%
of the sample was below the LOD. All PCDD/F concentrations were natural log-transformed
to account for skewed distribution. In simple and covariate-adjusted linear regression
analyses we estimated associations between exposure status and each of the 17 PCDD/Fs, as
well as the sum of all PCDDs and all PCDFs. We then estimated simultaneous associations
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of home dust and dust cloud exposure with each of the PCDD/Fs. In sensitivity analyses, we
restricted our sample to those without any missing data (n=84), to those without missing
salivary cotinine measures (n=104), and excluding those in the youngest age category
(n=86), to account for potential misclassification of responses from children who were age 2
at the time of the disaster. Reported p-values are from two-sided significance tests. All data
were analyzed using SAS 9.4 statistical software (SAS Institute Inc., Cary, NC).

Finally, we calculated mean and median TEQ levels for each congener listed in Table 2
using the latest (2005) World Health Organization toxic equivalency factors (TEFs) (van den
Berg, Birnbaum et al. 2006) according to the formula:

TEQ=Y (PCDD; « TEF;)+ Y (PCDF; x TEF;)

and compared them to published values from a contemporary youth cohort.

There was no statistically significant difference between WTCHR and non-WTCHR
participants in terms of sex, age, income, or exposure to tobacco smoke exposure, as
measured by salivary cotinine and questionnaire. Although participants in the WTC
Adolescent Health study had been frequency matched on race/ethnicity, among those
selected for this analysis, a higher proportion of non-WTCHR participants self-identified as
Hispanic compared to WTCHR participants (32.0% vs. 13.3%). Estimated daily kilocalorie
intake also differed between the two groups, with WTCHR participants consuming more
kilocalories than non-WTCHR participants (median = 1910 vs. 1480) (Table 1).

Table 2 presents mean (standard deviation) and median (minimum, 25 percentile, 50t
percentile, 75t percentile, maximum:; interquartile range) PCDD/F levels among WTCHR
and non-WTCHR participants, as well as the 95! percentile for 12—19 year olds in the
2003-4 National Health and Nutrition Examination Survey (NHANES). Median PCDD/F
levels were statistically significantly higher among WTCHR participants compared to non-
WTCHR participants for all chemicals except 1,2,3,7,8,9-HexCDF (p-value=0.06).
Maximum values were also consistently higher among WTCHR vs. non-WTCHR
participants with the exception of OCDD, for which a single non-WTCHR participant had
an extremely high value (3290 pg/g lipid). Among WTCHR participants, median
concentrations of several PCDD/Fs (1,2,3,7,8-PenCDD, 1,2,3,7,8,9-HexCDD, 2,3,7,8-
TCDF, 1,2,3,7,8-PenCDF, 2,3,4,7,8-PenCDF, 1,2,3,4,6,7,8-HepCDF, and OCDF, ) were
higher than the NHANES 95 percentiles. For 2,3,7,8-TCDF, the median exposure level
among non-WTCHR participants was higher than the NHANES 95 percentile, as well.

Congener-specific and total TEQ concentrations are also shown in Table 2. Among WTCHR
participants, mean and median total TEQ levels were more than 7 times those among non-
WTCHR participants (mean: 72.5 vs. 10.1 pg/g lipid; median: 25.3 vs. 3.39 pg/g lipid).

Table 3 shows results from linear regression models that were run for the 5 PCDDs and 7
PCDFs for which at least 50% of participants had detectable levels. In nearly all cases, levels
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were statistically significantly higher among WTCHR vs. non-WTCHR participants,
adjusting for race/ethnicity and daily kilocalories. The exceptions were OCDD (p-
value=0.09) and 1,2,3,7,8,9-HexCDF (p-value=0.40).

To test whether dust cloud exposure was associated with PCDD/F levels above and beyond
home dust exposure, we included both variables in the models and explored their
associations simultaneously. Home dust continued to be positively associated with increased
levels of all PCDD/Fs, controlling for dust cloud exposure. By contrast, dust cloud was
associated with decreased levels of total PCDFs as well as three individual PCDF congeners:
1,2,3,7,8-PenCDF, 1,2,3,6,7,8-HexCDF, and 1,2,3,7,8,9-HexCDF, controlling for home dust
exposure (Table 4). Because of the selection protocol for the PCDD/F analysis, there was an
inevitable correlation between home dust and dust cloud exposure (p-value <0.0001), so we
performed two ad hoc sensitivity analyses to validate these results. First we compared the
results of the simultaneously adjusted models in Table 4 to the models run in Table 3 that did
not adjust for dust cloud exposure (in our analysis, WTCHR enrollment is equivalent to
home dust exposure) restricted to those without missing dust cloud data (n=102), so that
they reflected the same group of participants. The point estimates and confidence intervals
were similar for all congeners except the three PCDFs for which we found significant
associations with dust cloud exposure in the simultaneous models, indicating that adding
dust cloud to the model (Table 4) did not substantially change the results except in these
cases. Similarly, when we considered the relationship between dust cloud exposure and
PCDDI/F levels only among those exposed to home dust (n=53), we found significant
negative associations for two of the three same congeners (1,2,3,6,7,8-HexCDF and
1,2,3,7,8,9-HexDCF); the third association was of borderline significance (1,2,3,7,8-
PenCDF, p-value=0.07, data not shown).

Results from sensitivity analyses restricted to participants with no missing data (n=84), with
no missing salivary cotinine measure (n=104), and age >2 years at the time of the disaster
(n=86) yielded similar results to the main analyses shown in Table 2 (Tables A.1, A.2, and
A.3. repectively).

4. Discussion

PCDDI/F levels among adolescents who were exposed to the WTC collapse as children
remain elevated more than 12 years later, in most cases well above those reported among
children of similar age in the most recently available NHANES data. Median serum
concentrations of 16 out of 17 congeners were significantly higher among WTCHR
participants, who experienced chronic home dust exposure, compared to matched non-
WTCHR participants, who did not experience chronic exposure, controlling for race/
ethnicity and daily kilocalorie intake. When acute dust cloud exposure was additionally
controlled for, chronic home dust exposure remained positively associated with PCDD/F
levels.

Median total PCDD/F TEQ concentration among WTCHR participants (25.3 pg/g lipid) was
substantially higher than the median PCDD/F TEQ concentration in general (non-exposed)
populations in 155 studies analyzing individual or pooled blood/plasma/serum samples
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published from 1989-2010 (10.8 pg/g lipid) (Consonni, Sindaco et al. 2012). It was also
higher than the 95™ percentile reported among adolescents and young adults in the U.S.
According to the most recent age-stratified analysis available, based on 2003—-4 NHANES
data, the 95! percentile of total TEQ concentration among those age 12—29 was 14.0 pg/g
lipid, a measure that included both PCDD/Fs and dioxin-like polychlorinated biphenyls
(PCBs) (Patterson, Wong et al. 2009), so the TEQ concentration of only PCDD/Fs would
have been even lower. Both of these studies calculated TEQ concentrations using 2005
WHO TEFs.

Only three other major studies have been conducted of PCDD/F-exposed children. In
January, 1968, residents of Yusho, Japan, ingested rice bran oil contaminated with PCBs and
PCDFs. In addition to suffering eye discharge and disfiguring dermatological symptoms,
including chloracne and altered pigmentation (Urabe and Asahi 1985), exposed children
experienced temporary suppression of height and weight gain in the years immediately
following the poisoning (Yoshimura and Ikeda 1978). Following a major industrial accident
near Seveso, ltaly, in 1976, chloracne, elevated hepatic enzymes, and enhanced immunologic
reactivity were reported among children exposed to high levels of pure 2,3,7,8-TCDD, the
most toxic of the PCDD/F and dioxin-like compounds (Bertazzi, Bernucci et al. 1998). In a
study of 499 boys who were enrolled in 2003-5 at age 8-9 and followed annually through
age 18-19 in Chapaevsk, Russia, the site of a large complex of chemical plants, researchers
have reported associations between serum PCDD/F and PCB levels and reduced height and
BMI z-scores, delayed pubertal onset (Sergeyev, Burns et al. 2017), and lower sperm
concentration, total sperm count, and total motile sperm (Minguez-Alarcon, Sergeyev et al.
2017).

At the time of the Yusho and Seveso incidents, methods to analyze PCDD/Fs in small blood
samples had not yet been developed, but in recent years it has been possible to analyze
stored serum collected at the time of the Seveso explosion. Analysis of 198 samples from
boys who were age 1-9 at the time of the accident yielded a median lipid-adjusted 2,3,7,8-
TCDD concentration of 192 ppt (Mocarelli, Gerthoux et al. 2008). Analysis of 232 samples
from girls who were age 0-10 at the time of the accident yielded a median lipid-adjusted
2,3,7,8-TCDD concentration ranging from 123 ppt for those age >5-10 years to 288 for
those age >0-2 years, with higher concentrations among those in the most contaminated
zone: 322 ppt for those age >5-10 years to 553 ppt for those age >0-2 years (Eskenazi,
Mocarelli et al. 2004). In comparison, the median 2,3,7,8-TCDD concentration in our cohort
was 10 ppt 12 years after exposure (data not shown).

In the Russian Children’s Study, total lipid-adjusted serum PCDD/F concentrations at age 8-
9 years (median (251, 75 percentile): 136 pg/mL (93, 189) and 39 pg/mL (27, 57),
respectively) were lower than those of our WTCHR participants (Burns, Williams et al.
2009). Congener-by-congener comparison between the Russian cohort and our WTCHR
participants shows variations among the concentration distributions; in general, there was a
greater interquartile range of exposure levels among the WTCHR adolescents and the
median total TEQ concentrations for PCDD/Fs was higher among WTCHR participants than
among the Russian boys (25.3 vs. 12.4 pg/g lipid) (Table A.4) (Burns, Williams et al. 2009).
Immediately following 9/11, this discrepancy would likely have been even more
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pronounced. Conservatively estimating the half-life of PCDD/Fs in those age <18 as 3 years
(Kerger, Leung et al. 2006) (others have reported even shorter half-life estimates (Leung,
Kerger et al. 2006, Milbrath, Wenger et al. 2009)), at the time of the disaster serum
concentrations among our study participants would have been approximately 16 (2 ) times
higher than those shown in Table 2.

Our findings are particularly robust in the light of our study’s limitations, which include its
modest sample size and delayed biosample collection. In addition, levels of several PCDD/F
levels in our comparison cohort were elevated relative to NHANES reference values,
indicating that members of our non-WTCHR group may not have been entirely unexposed to
PCDD/Fs generated by the WTC collapse. Pediatric practices from which we recruited some
of our non-WTCHR participants were located just north of Canal Street and in Park Slope
and Brooklyn Heights, neighborhoods over which the dust cloud is known to have blown on
9/11. Absent this potential misclassification, we would expect to see an even greater contrast
in PCDD/F levels between WTCHR and non-WTCHR participants. It is also possible that
background PCDDI/F levels are generally higher in NYC than in the U.S. overall, although a
recent analysis of regional variation in adult serum levels of persistent organic pollutants
based on 2001-4 NHANES data found no difference in 1,2,3,6,7,8-HexCDD or
1,2,3,4,6,7,8-HepCDD levels (the only two PCDD/Fs measured) between the Northeast and
the rest of the country (Wattigney, Irvin-Barnwell et al. 2015).

Our study has several strengths, including a sociodemographically-matched comparison
group and valid and reliable blood sample analysis. Exposed participants are members of the
WTCHR and have undergone three waves of follow-up surveys since 9/11, yielding a rich
array of demographic, symptomological, and psychological data. In addition, as part of the
WTC Adolescent Health Study, both WTCHR and non-WTCHR participants provided in-
depth interviews and various biosamples, and underwent numerous assessments, including
anthropometric measures as well as tests of pulmonary and cardiac function. Planned
analyses will use these data to explore associations between PCDD/F exposure and an array
of health outcomes. Finally, our sample is from an economically, racially, and ethnically
diverse population, enhancing the generalizability of future study results.

5. Conclusion

In this first study of PCDD/F levels in WTC-exposed children, we found significantly
elevated serum concentrations of 16 out of 17 congeners among participants recruited from
the WTCHR compared to a matched non-WTCHR comparison group 12 years after the
disaster. Total mean and median TEQ concentrations were more than 7 times higher among
WTCHR vs. non-WTCHR participants. The difference between the two groups appeared to
be driven by chronic home dust exposure rather than acute dust cloud exposure. Median
TEQ levels among WTCHR participants were also higher than those reported by the Russian
Children’s Study, a contemporary cohort of continuously exposed children. When the
biological half-lives of these chemicals are considered, it is likely that this discrepancy
would have been even greater at the time of the WTC collapse. Because of the known
endocrine-disrupting properties of PCDD/Fs, future studies of children exposed to chronic
particulate contamination from the WTC disaster should focus on metabolic and
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reproductive outcomes, including thyroid function, reproductive hormone levels,
gynecologic disorders, and semen quality. Although individual PCDD/F levels will continue
to decline as individuals age, this study provides evidence of high exposure during
potentially critical periods of development that may have repercussions throughout the life
course, warranting continued monitoring of this vulnerable population.
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. WTC-exposed youths have significantly elevated serum dioxin levels 12 years

. Medians of several dioxins in exposed youth exceed 2003-4 NHANES 95t

percentiles.

. In our study dioxin levels reflect chronic home dust not acute dust cloud
exposure.

. Median dioxin TEQ is 7 times higher in exposed youth vs. matched controls.
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| Non-WTCHR (unexposed) |
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Figure 1.

World Trade Center Health Registry (WTCHR) and non-WTCHR participants in the WTC

Adolescent Health Study who were included in the current analysis.
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Characteristics of the analytic sample, World Trade Center Adolescent Health Study, 2014-2016.

Table 1

WTCHR (n=60) Non-WTCHR (n=50) p-value
n (%) n (%) Chi-square
Sex 0.44
Male 32 (53.3) 23 (46.0)
Female 28 (46.7) 27 (54.0)
Age 0.36
13-14 years 10 (16.7) 14 (28.0)
15-17 years 29 (48.3) 21 (42.0)
18-22 years 21 (35.0) 15 (30.0)
Annual income ™ 0.18
<$25,000 10 (21.3) 14 (34.2)
>$25,000 37 (78.7) 27 (65.9)
Race/Ethnicity 0.03
Non-Hispanic White 23(38.3) 21 (42.0)
Non-Hispanic Black 8(13.3) 4(8.0)
Non-Hispanic Asian 15 (25.0) 9 (18.0)
Non-Hispanic Other 6 (10.0) 0(0)
Hispanic 8 (13.3) 16 (32.0)
WTC exposures
Dust cloud ™ 30 (56.6) 0(0) <0.0001
Home dust 60 (100) 0(0) <0.0001
Tobacco exposure 0.60
Low 21 (35.0) 19 (38.0)
Medium 29 (48.3) 26 (52.0)
High 10 (16.7) 5 (10.0)
median (25th, 75th percentile) | median (25th, 75th percentile) | Wilcoxon
Daily kilocalorie intake | 1910 (1140, 2450) 1480 (958, 2100) 0.02
Height (cm) 168 (163, 178) 166 (159, 172) 0.08
Weight (kg) 60.0 (52.5, 68.0) 57 (50, 65) 0.20

WTCHR: World Trade Center Health Registry; WTC: World Trade Center

*
n=88

Aok

n =102; 8 WTCHR participants were missing data on dust cloud exposure
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Table 4

Page 21

Simultaneous associations between home dust and dust cloud exposure with serum PCDD/F concentrations,

covariate-adjusted * (n=102).

Home dust vs. no home dust

Dust cloud vs. no dust cloud

natural log unit increase (95% CI1) | p-value | natural log unitincrease (95% CI) | p-value
Serum polychlorinated dibenzo-p-dioxins (PCDDs) (pg/g lipid)
2,3,7,8-TCDD 1.31(0.48, 2.13) 0.002 0.04 (-0.84, 0.93) 0.92
1,2,3,7,8-PenCDD 0.81 (0.81, 2.80) 0.001 -0.34 (-1.42, 0.73) 0.52
1,2,3,7,8,9-HexCDD 2.05 (0.68, 3.43) 0.004 -0.72 (-2.21, 0.76) 0.33
1,2,3,4,6,7,8-HepCDD | 3.09 (1.59, 4.59) <0.0001 | 0.06 (~1.56, 1.68) 0.94
OCDD 0.76 (-0.01, 1.53) 0.05 -0.33 (-1.16, 0.50) 0.44
X PCDD 0.92 (0.39, 1.45) 0.001 -0.13 (-0.70, 0.44) 0.64
Serum polychlorinated dibenzofurans (PCDFs) (pg/g lipid)
2,3,7,8-TCDF 0.94 (0.38, 1.51) 0.001 -0.36 (-0.97, 0.25) 0.25
1,2,3,7,8-PenCDF 4.59 (2.88, 6.30) <0.0001 | -1.91(-3.76, —0.07) 0.04
2,3,4,7,8-PenCDF 2.48 (1.33, 3.63) <0.0001 | -0.11 (-1,35, 1.13) 0.86
1,2,3,4,7,8-HexCDF 2.37 (1.00, 3.75) 0.001 -1.06 (-2.54, 0.42) 0.16
1,2,3,6,7,8-HexCDF 2.57 (1.40, 3.75) <0.0001 | -1.87 (-3.13, -0.60) 0.004
1,2,3,7,8,9-HexCDF 2.16 (0.27, 4.04) 0.03 -2.33 (-4.35, -0.30) 0.03
1,2,3,4,6,7,8-HepCDF | 2.40 (0.80, 4.00) 0.004 -1.21 (-2.94, 0.52) 0.17
2 PCDF 1.48 (1.10, 1.86) <0.0001 | -0.42 (-0.83, —0.007) 0.046

*
adjusted for race/ethnicity and daily kilocalories
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Table A.1

Covariate-adjusted “ changes in serum PCDD/F concentrations comparing WTCHR to non-WTCHR
participants: complete case analysis (n=84).

WTCHR (n=43) vs. non-WTCHR (n=41)

natural log unit increase (95% CI)  p-value

Serum polychlorinated dibenzo-p-dioxins (PCDDs) (pg/g lipid)

2,3,7,8-TCDD 1.41 (0.66, 2.16) 0.0003
1,2,3,7,8-PenCDD 1.59 (0.68, 2.50) 0.001
1,2,3,7,8,9-HexCDD  1.25 (0.09, 2.41) 0.04
1,2,3,4,6,7,8-HepCDD  3.14 (1.81, 4.47) <0.0001
OCDD 0.59 (0.09, 1.10) 0.02
Y PCDD 0.77 (0.34,1.21) 0.001
Serum polychlorinated dibenzofurans (PCDFs) (pg/g lipid)
2,3,7,8-TCDF 0.68 (0.20, 1.17) 0.01
1,2,3,7,8-PenCDF 3.98 (2.50, 5.48) <0.0001
2,3,4,7,8-PenCDF 2.67 (1.64, 3.70) <0.0001
1,2,3,4,7,8-HexCDF 1.93(0.78, 3.07) 0.001
1,2,3,6,7,8-HexCDF 1.58 (0.54, 2.61) 0.003
1,2,3,7,8,9-HexCDF 0.50 (-1.23, 2.24) 0.57
1,2,3,4,6,7,8-HepCDF  2.22 (0.89, 3.55) 0.001
Y PCDF 1.28 (0.93, 1.64) <0.0001

adjusted for race/ethnicity and daily kilocalories

*
adjusted for race/ethnicity and daily kilocalories
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Covariate-adjusted “ changes in serum PCDD/F concentrations comparing WTCHR to non-WTCHR

Table A.2

participants with salivary cotinine measures (n=104).

WTCHR (n=59) vs. non-WTCHR (n=45)

natural log unit increase (95% CI) | p-value

Serum polychlorinated dibenzo-p-dioxins (PCDDs) (pg/g lipid)

2,3,7,8-TCDD 1.42 (0.74, 2.10) <0.0001
1,2,3,7,8-PenCDD 1.81(0.99, 2.52) <0.0001
1,2,3,7,8,9-HexCDD 1.37 (0.24, 2.50) 0.02
1,2,3,4,6,7,8-HepCDD | 3.03 (1.83, 4.23) <0.0001
OCDD 0.56 (-0.15, 1.28) 0.12
Y PCDD 0.82 (0.41, 1.24) 0.0002
Serum polychlorinated dibenzofurans (PCDFs) (pg/g lipid)
2,3,7,8-TCDF 0.75(0.30, 1.21) 0.001
1,2,3,7,8-PenCDF 3.92 (2.57,5.27) <0.0001
2,3,4,7,8-PenCDF 2.72(1.83,3.62) <0.0001
1,2,3,4,7,8-HexCDF 1.96 (0.81, 3.12) 0.001
1,2,3,6,7,8-HexCDF 1.56 (0.56, 2.55) 0.003
1,2,3,7,8,9-HexCDF 0.84 (-0.71, 2.39) 0.29
1,2,3,4,6,7,8-HepCDF | 1.78 (0.5, 3.01) 0.005
2 PCDF 1.30(0.97, 1.63) <0.0001

*
adjusted for race/ethnicity and daily kilocalories

WTCHR: World Trade Center Health Registry
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Covariate-adjusted “ changes in serum PCDD/F concentrations comparing WTCHR to non-WTCHR

Table A.3

participants excluding the youngest category (n=86).

WTCHR (n=50) vs. non-WTCHR (n=36)

natural log unit increase (95% CI) | p-value

Serum polychlorinated dibenzo-p-dioxins (PCDDs) (pg/g lipid)

2,3,7,8-TCDD 1.29 (0.55, 2.02) 0.001
1,2,3,7,8-PenCDD 1.44 (0.53, 2.34) 0.002
1,2,3,7,8,9-HexCDD 1.39 (0.18, 2.60) 0.03
1,2,3,4,6,7,8-HepCDD | 2.97 (1.67, 4.27) <0.0001
OCDD 0.66 (-0.14, 1.47) 0.11

Y PCDD 0.94 (0.52, 1.35) <0.0001

Serum polychlorinated dibenzofurans (PCDFs) (pg/g lipid)

2,3,7,8-TCDF 0.54 (0.05, 1.03) 0.03
1,2,3,7,8-PenCDF 3.56 (2.02, 5.10) <0.0001
2,3,4,7,8-PenCDF 2.33(1.32,3.34) <0.0001
1,2,3,4,7,8-HexCDF 1.93(0.70, 3.17) 0.003
1,2,3,6,7,8-HexCDF 1.69 (0.62, 2.76) 0.002
1,2,3,7,8,9-HexCDF 0.94 (-0.78, 2.866 0.28
1,2,3,4,6,7,8-HepCDF | 1.53(0.09, 2.98) 0.04

2 PCDF 1.11 (0.75, 1.48) <0.0001

*
adjusted for race/ethnicity and daily kilocalories

WTCHR: World Trade Center Health Registry
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Table A.4

Distributions and TEQs of serum PCDD/Fs in WTCHR vs. Russian Children’s Study participants.

WTCHR (n=60)

Russian Children's Study (n=482)

median (25th, 75th percentile) | median TEQ™ | mMedian (25th, 75th percentile) | medjan TEQ™
Serum polychlorinated dibenzo-p-dioxins (PCDDs) (pg/g lipid)
2,3,7,8-TCDD 1.71 (0.74, 20.2) 171 2.75 (1.34, 3.90) 2.75
1,2,3,7,8-PenCDD 14.1 (0.65, 34.4) 14.1 4.10 (1.41, 7.00) 4.10
1,2,3,4,7,8-HexCDD 0.01 (0.01, 12.5) 0.001 2.00 (0.71, 3.90) 0.20
1,2,3,6,7,8-HexCDD | 0.02 (0.02, 0.04) 0.002 8.70 (5.40, 16.6) 0.87
1,2,3,7,8,9-HexCDD 14.4 (10.3, 27.0) 1.44 2.61 (0.85, 4.60) 0.26
1,2,3,4,6,7,8-HepCDD | 23.5 (14.0, 47.2) 0.23 12.2 (8.20, 19.5) 0.12
OCDD 135 (64.8, 394) 0.04 96.1 (69.0, 134) 0.03
¥ PCDD 197 (128, 580) 175 136 (93, 189) 8.2
Serum polychlorinated dibenzofurans (PCDFs) (pg/g lipid)

2,3,7,8-TCDF 29.1 (15.5, 48.9) 2.01 0.50 (0.42, 1.63) 0.05
1,2,3,7,8-PenCDF 13.2(0.01, 28.9) 0.40 0.57 (0.42,1.91) 0.02
2,3,4,7,8-PenCDF 12.1 (0.24, 22.3) 3.64 9.0 (6.20, 14.6) 2.70
1,2,3,4,7,8-HexCDF 0.03 (0.02, 13.4) 0.0003 6.65 (4.10, 12.5) 0.67
1,2,3,6,7,8-HexCDF 0.02 (0.02, 0.05) 0.0002 4.20 (2.90, 6.70) 0.42
2,3,4,6,7,8-HexCDF 0.01 (0.01, 0.01) 0.0001 0.57 (0.42, 1.41) 0.06
1,2,3,7,8,9-HexCDF 6.29 (0.02, 33.2) 0.06 0.57 (0.42, 1.84) 0.06
1,2,3,4,6,7,8-HepCDF | 77.5 (41.4, 161) 0.77 7.50 (5.47,11.3) 0.08
1,2,3,4,7,8,9-HepCDF | 0.01 (0.01, 0.01) 0.0001 0.64 (0.50, 2.26) 0.01
OCDF 26.4 (0.01, 110) 0.01 2.90 (1.80, 5.00) 0.001
¥ PCDF 232 (127, 449) 7.79 39 (27, 57) 4.2

WTCHR: World Trade Center Health Registry; TEQ: toxic equivalency quotient

*
based on 2005 World Health Organization toxic equivalency factors
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